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Abstract: NiCrAlY coatings were deposited on Ni-based superalloy by high-velocity oxygen-fuel spraying (HVOF). Surface 
modification by means of grit-blasted, shot-peened and ground methods was used in order to study the effect of surface conditions on 
the isothermal oxidation behavior of HVOF-sprayed NiCrAlY coatings at 1 050 ℃. The results showed that surface modification had 
an obvious effect on the isothermal oxidation behavior of the coatings. There was a large decrease in growth rate compared with the 
as-sprayed coating. The scale formed on the grit-blasted and shot-peened coatings was a mixture of Al2O3 and NiCr2O4, while the 
oxide formed on the ground coating was composed mainly of Al2O3. After surface modification, the content of NiCr2O4 spinels 
decreased compared with the as-sprayed coating. 
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1 Introduction 
 
Thermal barrier coatings (TBCs) are widely used in 
hot sections of gas turbines. It can improve engine 
efficiency by allowing increased turbine inlet gas 
temperatures. TBCs typically consist of a thermal 
insulating ceramic top, an oxidation-resistant metallic 
bond coat, a thermally grown oxide (TGO), and a 
superalloy substrate[1]. It is well known that the TGO 
plays a major role in the durability and failure of 
TBCs[2−5]. A α-Al2O3 TGO is desirable due to its low 
growth rate, excellent adhesion to yttria-stabilized 
zirconia (YSZ), and high chemical and thermal 
stability[6−8]. 
Previous studies have demonstrated that bond coat 
surface condition has an important effect on the growth 
and spallation of TGO[9−12]. GIL et al[9] have reported 
that the oxide scales formed on the as-sprayed vacuum 
plasma spray (VPS) NiCoCrAlY coatings exhibit a 
different morphology as compared to scales formed on a 
flat surface. HESNAWI et al[10] found that EB-PVD 
MCrAlY bond coat with a shot-peened surface shows a 
better oxidation resistance as compared to a polished 
surface. α-Al2O3 and θ-Al2O3 are developed on the 
polished surface, while α-Al2O3 is detected on the 
shot-peened surface after the pre-oxidation treatment. 
The TGO on the cold-sprayed NiCrAlY coating surface 
in the as-sprayed and shot-peened conditions exhibited a 
double layer structure and was composed of Al2O3 in the 
inner layer and Cr/Ni oxides at the outer layer, but the 
content of spinel decreased on the cold-sprayed NiCrAlY 
with a shot-peened surface compared with the as-sprayed 
coating[11]. Moreover, the ground and polished 
HVOF-sprayed CoNiCrAlY coatings show internal 
oxidation as well as relatively high values of the 
oxidation rate constants[12]. However, there is little 
study on the effect of grit-blasted and shot-peened 
methods on the isothermal oxidation behavior of HVOF- 
sprayed NiCrAlY coating. 
The primary objective of this work is to study the 
effect of surface modifications (grit-blasted, shot-peened 
and ground) on the isothermal oxidation behavior of 
HVOF-sprayed NiCrAlY coatings, focusing on an 
investigation of the morphology, composition and growth 
rate of oxides scales. 
 
2 Experimental 
 
The rectangle shaped specimens of Ni-based 
superalloy with nominal composition of Ni-9Cr-10Co- 
2.5Mo-7.5W-5.4Al-4.1Ta-1.8Hf-1.2Ti (molar fraction, %) 
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with dimensions of 10 mm×10 mm×3 mm were used as 
substrate materials. Those specimens were grit-blasted 
with grade 24 alumina grit in order to improve the 
adherence of the coating. Ni-25Cr-5Al-0.5Y (mass 
fraction, %) (45−63 μm) powders were HVOF-sprayed 
onto all surfaces of the specimen substrate. HVOF 
spraying was carried out using a commercial Met Jet III 
(Metallization) gun. Kerosene was used as fuel and 
nitrogen was used as the carrier gas. HVOF spray 
conditions were reported in our previous investigation 
[13]. After deposition, specimens were grit-blasted, 
shot-peened and ground with 250 μm-alumina grit, 250 
μm-glass grit and 1 200 grit SiC paper, respectively, to 
attain different coating surface morphologies. 
Quantitative measurements of the surface roughness 
were made using a surface profile recorder (TR 100, 
Beijing Time Group). The surface roughness was 
measured on each coating at more than 10 locations and 
the average value was used to determine the surface 
roughness. 
The isothermal oxidation tests were carried out at 
1050 ℃ in a tube furnace in air. Those samples were 
placed in an alumina crucible and kept in the constant 
temperature zone of furnace at 1050 ℃ for 5, 10, 20, 40, 
60, 80 and 100 h, respectively. Those specimens for 
oxidation tests were then taken out to weigh the mass 
change at intervals by an electronic balance (Sartorius 
BS 210S) with an accuracy of ±0.0001g. Three 
measurements for mass gain at each time were taken and 
averaged. 
After oxidation, the samples were analyzed by 
X-ray diffractometer (XRD, Cu Kα), scanning electron 
microscope (SEM, FEI, Holland) with energy dispersive 
spectroscope (EDS, IE 350). 
 
3 Results 
 
3.1 Surface morphologies 
Figure 1(a) shows a typical surface morphology of 
as-sprayed HVOF coatings: impacted coating splats, 
unmelted particles, porosity and glazed areas[14]. A 
surface at larger magnification revealed that there were 
two different areas on the surface: a smooth zone A and a 
rough zone B with small particles (Fig.1(b)). Those 
particles were evidently deposited by liquid jetting 
resulting from the splashing of partially or fully molten 
particles because the splashed jetting is ejected 
radially[15−16]. The EDS results of those two areas are 
shown in Table 1. It is clear that the composition of area 
A is almost the same as that of the original powder, but, 
the oxygen content in area B is higher than that in area A, 
which is attributed to the possible oxidation of the  
 
 
Fig.1 Surface morphologies of as-sprayed HVOF NiCrAlY 
coatings (a) and (b) magnified image 
 
Table 1 EDS results of as-sprayed HVOF NiCrAlY coating in 
Fig.1(b) 
EDS 
point 
w(Ni)/
% 
w(Cr)/ 
% 
w(Al)/ 
% 
w(O)/
% 
w(Y)/
% 
A 67.40 24.34 4.60 2.46 1.20 
B 47.16 25.05 11.04 14.57 2.18 
 
powders during spray. 
The surface morphologies of the coatings after 
different surface modifications are shown in Fig.2. The 
coatings present rather different morphologies. For the 
grit-blasted sample (Fig.2(a)), the surface of the coating 
becomes smooth and the small particles reduce due to 
weakly bonding to the coating. However, after shot- 
peening treatment, the surface of coating is flat and the 
small particles nearly disappear, as shown in Fig.2(b). 
The surfaces created by grinding are shown in Fig.2(c). It 
is clear that the surface is smooth and scratches are 
visible on the ground surface. The surface roughness was 
reduced from Ra=5.84, 4.54, 4.12 to 0.31 μm at the 
as-sprayed, grit-blasted, shot-peened and ground states, 
respectively. 
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Fig.2 Surface morphologies of as-sprayed HVOF NiCrAlY 
coatings after being grit-blasted(a), shot-peened(b) and 
ground(c) 
 
3.2 Isothermal oxidation kinetics 
Figure 3 shows the isothermal oxidation kinetics of 
HVOF NiCrAlY coatings with different surface 
modifications. The coatings after surface modifications 
exhibited a lower growth rate than the as-sprayed coating. 
The oxidation kinetics accords with parabolic law. The 
parabolic rate constants kp were 4.98×10−12 g2/(cm4·s) for 
as-sprayed coating, 2.29×10−12 g2/(cm4·s) for the ground 
coating, 3.09×10−12 g2/(cm4·s) for the shot-peened 
coating, and 3.98×10−12 g2/(cm4·s) for the grit-blasted 
coating, respectively. Thus, surface morphology has an 
obvious effect on oxidation of HVOF NiCrAlY coating. 
 
 
Fig.3 Isothermal oxidation kinetics of HVOF NiCrAlY 
coatings with different surface modifications at 1 050 ℃ 
 
3.3 Scale structure 
To identify the phases developed on the surface of 
HVOF NiCrAlY coating with different surface 
morphologies after isothermal oxidation at 1 050 ℃ for 
100 h, the specimen surfaces were analyzed by X-ray 
diffractometry. The results are shown in Fig.4. For the 
as-sprayed HVOF NiCrAlY coating, XRD pattern shows 
peaks of Al2O3, NiCr2O4, and Ni3Al, indicating that the 
oxides formed on the as-sprayed coating are composed 
of Al2O3 and NiCr2O4. The diffraction intensity of the 
Ni3Al is high since the oxide scale is very thin. 
Compared with the as-sprayed coating, the intensity of 
the NiCr2O4 peaks for the grit-blasted and shot-peened 
coatings slightly decreased and the reflexes for Al2O3 
became more intensive. Furthermore, only Al2O3 was 
detected on the ground coating. 
 
 
Fig.4 X-ray diffraction spectra of HVOF NiCrAlY coatings 
after isothermal oxidation at 1 050 ℃ for 100 h 
 
3.4 Surface morphologies 
Figure 5 shows surface morphologies and EDS 
analyses of the scales formed on the HVOF NiCrAlY  
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Fig.5 Surface morphologies and EDS 
analyses of HVOF NiCrAlY coatings after 
isothermal oxidation at 1 050 ℃ for 100 h: 
(a) As-sprayed coating; (b) Grit-blasted 
coating; (c) Shot-peened coating; (d) Ground 
coating 
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coatings after isothermal oxidation at 1 050 ℃ for 100 h, 
respectively. The SEM images show that the 
morphologies of the coatings are different with each 
other. No spallation was observed on the coatings. For 
the as-sprayed coatings, the oxides are a mixture of small 
round grains and some large nodules (Fig.5(a)). EDS 
analysis indicated that the large nodules in area A mainly 
consisted of Ni (56.45%, molar fraction), Cr (16.46%) 
and/or Al (4.79%) and O (22.30%), while the small 
round grains in area B are rich in Al (21.25%) and O 
(28.16%). Similar results had been found for TGO 
formed on the grit-blasted (Fig.5(b)) and shot-peened 
(Fig.5(c)) coatings, but the content of nodules decreased 
compared with the as-sprayed coating. The above SEM 
observations are well in agreement with the XRD results 
shown in Fig.4. However, only small round grains 
formed on the ground coating (Fig.5(d)). 
 
3.5 Cross-sectional morphologies 
Figure 6 shows cross-sectional images and element- 
distribution maps of the oxides formed on as-sprayed 
HVOF NiCrAlY coating after being exposed to air for 
100 h at 1 050 ℃. It can be seen that the scale consisted 
of two layers: the outer layer appeared to be grey, and the 
inner layer was darker. Moreover, the outer layer was 
porous and non-uniform, while the inner layer was dense 
and uniform. Element-distribution map (Fig.6(a)) 
analyses on the oxides revealed that the gray oxides in 
the outer layer contained large amounts of Ni, Cr, Al and 
O, whereas a high concentration of Al and O occurred in 
the inner layer. Together with the XRD result, it is 
believed that the light areas are oxides of Ni, Al, and/or 
Cr and the dark areas are aluminum oxide, which has 
been reported in previous investigation[17−18]. 
Element-distribution maps on the oxides formed on 
grit-blasted and shot-peened coatings are nearly identical 
to the as-sprayed coating (Figs.6(b) and (c)). However, a 
uniform mono-layer structured oxide scale formed on the 
surface of the ground coating (Fig.6(d)). 
The average thickness values of the oxide scale 
were measured by cross-sectional analyses of oxidized 
coatings. The average thickness values of the scale are 
approximately 9.8, 9.2, 4.3, 2.5 μm，for as-sprayed, 
grit-blasted, shot-peened and ground coatings, 
respectively. It can be seen that the thickness values of 
the outer layer of the scale on grit-blasted and shot- 
peened coatings decreased compared with the as-sprayed 
coating. 
 
 
Fig.6 Cross-sectional morphologies and element-distribution maps of oxide scales of HVOF NiCrAlY coatings after isothermal 
oxidation at 1 050 ℃ for 100 h: (a) As-sprayed coating; (b) Grit-blasted coating; (c) Shot-peened coating; (d) Ground coating  
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4 Discussion 
 
It is seen from the present investigation that the 
scales formed on the grit-blasted and shot-peened 
coatings were a mixture of Al2O3 and NiCr2O4, whereas 
the oxide formed on the ground coating was composed 
mainly of Al2O3. During the very initial stage of 
oxidation, there is a rapid uptake of oxygen by the 
coating and the oxides NiO, Al2O3 as well as Cr2O3 are 
formed on the surface of the coating[19]. Because the 
oxidation of Al requires the least oxygen partial 
pressure[20] and the lowest Gibbs free energy of 
formation[21], a replacement reaction of Al occurs, 
resulting in the formation of Al2O3 on the coating. As 
oxidation proceeds, the activity of aluminum decreased 
at the interface between the scale and NiCrAlY coating. 
When the activity of aluminum is below the critical level 
to the formation of alumina, Ni and Cr elements diffused 
fast through Al2O3 scale[21−22]. Therefore, NiO and 
Cr2O3 formed on the surface of the Al2O3 scale. NiO can 
react with Al2O3 and Cr2O3 to form Ni(Al, Cr)2O4 
spinels[23]. 
Moreover, the coatings after surface modifications 
exhibited a lower growth rate than the as-sprayed coating. 
The lower growth rate can be explained from the three 
aspects as follows. Firstly, the as-sprayed coating has the 
higher roughness, so it has larger surface areas to expose 
to air. Consequently, the larger surface areas result in the 
higher growth rates. Secondly, after surface modification, 
the small particles on the surface of the coatings 
decreased. It has been reported[22] that, the weak 
bonding between the small particles and the underlying 
splat in LPPS coating limits or delays the diffusion of Al 
to small particles surface after Al depletion occurred in 
the particles. It is the same condition of HVOF NiCrAlY 
coating. Therefore, Cr/Ni oxides grow fast in the small 
particles[11]. Finally, any surface working (such as 
grinding, polishing or ground) can introduce surface 
deformations such as dislocations. After surface 
modifications, the diffusion of Ni, Cr and Al will 
accelerate[12]. The time of formation of Al2O3 scale is 
shortened. Therefore, the continuous Al2O3 scale 
prevents the further oxidation of the coatings. 
 
5 Conclusions 
 
Surface modification greatly affects the isothermal 
oxidation behavior of HVOF-sprayed NiCrAlY coatings. 
The oxidation kinetics of the coatings with and without 
surface modifications accords with parabolic law, but the 
growth rate decreases compared with the as-sprayed 
coating. The scales formed on the grit-blasted and 
shot-peened coatings are a mixture of Al2O3 and NiCr2O4, 
while the oxide formed on the ground coating is 
composed mainly of Al2O3. The amount of NiCr2O4 
spinels decreases compared with the as-sprayed coating. 
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